We propose and experimentally demonstrate a demultiplexer with point-defect resonators and a reflection feedback mechanism in a photonic crystal waveguide (PCW). A tapered PCW has been chosen as the necessary reflector, which enhances the drop efficiency. Due to the variation of the single-mode waveguide width of the tapered PCW, spatial alteration of the effective refractive index can be achieved. This phenomenon is used to reflect back the forward propagating wave which is then coupled again to the drop channels via the resonators. High transmission efficiency to the dropout channels is numerically predicted by calculations, either in two-and three-dimensional models, and analytically described by a coupled-mode theory. Moreover, an experimental realization in the microwave regime provides confirmation that the targeted wavelengths can be properly transmitted at the drop channels with low crosstalk and relatively high efficiencies.
We propose and experimentally demonstrate a demultiplexer with point-defect resonators and a reflection feedback mechanism in a photonic crystal waveguide (PCW). A tapered PCW has been chosen as the necessary reflector, which enhances the drop efficiency. Due to the variation of the single-mode waveguide width of the tapered PCW, spatial alteration of the effective refractive index can be achieved. This phenomenon is used to reflect back the forward propagating wave which is then coupled again to the drop channels via the resonators. High transmission efficiency to the dropout channels is numerically predicted by calculations, either in two-and three-dimensional models, and analytically described by a coupled-mode theory. Moreover, an experimental realization in the microwave regime provides confirmation that the targeted wavelengths can be properly transmitted at the drop channels with low crosstalk and relatively high efficiencies. Optical signal processing requires monitoring wavelengths of light that propagate in an optical waveguide. While the main channel operates as a broadband waveguide, an efficient demultiplexing is often required, such that the targeted wavelengths are directed toward the drop channels with low crosstalk and efficient coupling. The spacing between drop channels also plays an important role in monitoring a large number of wavelengths, while small size is essential for these devices.
Such compact wavelength de-multiplexing (WDM) devices can be built with the so-called Bragg gratings [1, 2] , which show a wavelength dependent reflection. However, each proposal has inherent difficulties, resulting in the limited experimental realization in a small-scale compact device. The difficulty of realization of such devices at a very small scale gathered the attention to WDM devices based on photonic crystals (PCs), which could be suited for ultra-dense integration.
Some of the demultiplexing studies are based on the superprism effect observed in PCs, where the dispersive phenomena enable high angle-sensitive light propagation, but with limited wavelength resolution. Moreover, spatially broadening of the propagating beam inside the structure requires large dimensions that render the devices to be less compact. Furthermore, in the superprism-based demultiplexing devices, the incident beam's spatial profile becomes distorted, eventually limiting the coupling efficiency to the output channels [3] [4] [5] [6] . Another powerful approach for WDM purposes is to spatially separate the wavelengths of the input light along a PCW. For instance, a four-channel coarse WDM device based on the modification of the air holes occupying the sides of the waveguide has been proposed in Ref. [7] . Another study demonstrated wavelength monitoring, by utilizing the mini stop band phenomena [8] . On the other hand, PC channel drop filters, based on point or line defect cavities, have also attracted attention due to their high quality factor, high drop efficiency, and feasible fabrication at the micron scale [9] . So far, ideal transfer characteristics utilizing parallel waveguides and a resonator in between have been demonstrated by forcing the resonator to support two degenerate modes [10] [11] [12] . On the other hand, point defects coupled to a waveguide lateral to the bus waveguide have also been investigated. Theoretical 100% drop efficiency has been derived in the presence of a reflection feedback formed by a closed waveguide [13] and wavelength selective resonator [14] .
In this Letter, we propose a tapered PC waveguide, accompanied by side-coupled cavities that are tuned to specific wavelengths. While the cavities are responsible for selecting the desired wavelengths, the tapered waveguide acts as reflection feedback with cutoff frequencies depending on the penetration depth. The dispersion of the waveguide smoothly changes, along with its width. As the width decreases along the propagation direction, its cutoff frequency increases. Therefore, higher frequencies are allowed to propagate farther in the waveguide compared to lower frequencies which are reflected back. The wavelength selectivity was numerically verified with the finite-difference time domain (FDTD) method in two and three dimensions (2D/3D) [15] . Furthermore, an experimental demonstration of the idea in the microwave region was performed, showing good agreement with the 3D FDTD results.
It is well known that a PC waveguide can confine and guide an incoming wave at a specific frequency range. The "bottom frequency" (the cutoff frequency) depends on the design parameters of the PC waveguide. Therefore, by systematically engineering the design parameters along the propagation direction, one can obtain a gradual cutoff frequency variation. Here, we change the waveguide in a linear way by tilting the upper and lower sides of the PC waveguide structure clockwise and anticlockwise, respectively. Throughout this Letter, a rotation angle of θ 0.40°has been used in all numerical and experimental analyses. The tilt angle was chosen so that the cutoff frequencies of the waveguide comprise the operational frequency span within its length. Figure 1 (a) shows the schematic representation of the proposed design. The PCs are made up of a square lattice of dielectric alumina (Al 2 O 3 ) rods, whose dielectric constant is equal to ε r 9.61. The lattice constant "a" is set to 10 mm, and the radius of the dielectric rods is equal to r 0.317a 3.17 mm. The rotation angle of θ 0.40°results in a linearly varied width of the channel, from W 1 1.98a 19.8 mm down to W 2 1.42a 14.2 mm, while the structural length is set equal to L x 38a 380.0 mm.The extraction of the desired frequency components is achieved by creating a point defect coupled to a line defect whose orientation is perpendicular to the main channel. As a demonstration, three channels have been designed with a channel spacing of 4a and 5a. It has been found that this kind of spacing is sufficient to avoid the effects of coupling between the point defect resonators. The point defect resonators are created by removing a single rod, and their respective drop waveguides are formed by removal of single row of rods. The single rod is removed at the third innermost row of the PC waveguide so that two rods are located between the point defect and the main waveguide. The resonators have been tuned to the desired resonance frequencies by changing the size of the point defect, moving the innermost rods either inward or outward. As depicted in Figs. 1(b) and 1(c), the four innermost dielectric rods of the first and third channels were displaced at a distance equal to 0.03a 0.30 mm, outward and inward, with respect to the second cavity, either to decrease or increase the resonance frequencies, while the rod of the second cavity remains unchanged. It is worth noting that the distance between the input channel and the three drop channels is 3, 8, and 12a (30, 80, and 120 mm), respectively.
Using coupled-mode theory (CMT) in time domain, an analytical approach can be used to investigate the transmission spectra at the drop channels. By employing time-reversal symmetry and power conservation and taking the Fourier transform of the respective wave amplitude equations [13, 14, 16] , the transmission efficiency for a single drop channel as a function of angular frequency ω can be derived as
where S −3 ω and S 1 ω are, respectively, the outgoing wave amplitude in the frequency domain at the drop channel and the incoming wave amplitude at the input main channel, which are also shown as an inset in Fig. 1(a) . The terms in Eq. (1) 1∕τ 1 , 1∕τ 2 , and 1∕τ 3 denote the decay rates in the input side of the main channel, the reflection side of the main channel, and the drop channel, respectively, while ω 0 is the resonance frequency of the PC cavity, and φω is the phase retardation due to the frequency dependent reflection at the main channel. Equation (1) provides insight about the physical mechanism and operating principle of the idea presented in this Letter. One of the foremost conclusions based on the CMT model is that the transmission efficiency can be maximized by a proper selection of the decay rates, 1∕τ 1;2;3 , and phase retardation, φω; this has already been studied in detail for different feedback mechanisms Wave amplitudes are exemplified for the second channel; S 1 and S 2 are the amplitudes of the incoming waves, whereas S −1 , S −2 , and S −3 are the amplitudes of the outgoing waves in each port. The cavity regions of the first and third channels are shown in light red and light blue, respectively. The locations of the innermost rods of these regions have been altered to change the resonance frequency of the (b) first and (c) third channels, whereas the cavity region of the second channel remained unchanged. The arrows in (b) and (c) indicate the directions (outward or inward) in which the rods were moved. [13, 14] . In this regard, to optimize the coupling between the waveguide and the resonators, the resonators are precisely placed at the positions where the phase delay is nearly an integer multiply of 2π for the respective resonant wavelengths.
To verify the operational principle, FDTD methods in 2D and 3D were performed for transverse magnetic (TM) polarized light (electric field has only out-of-plane components, E z ), where numerical calculations in 3D also allowed us to observe the issue of vertical light confinement behavior. Perfectly matched boundary conditions were used as an absorbing boundary to terminate the computational domain. A plane wave with a spatial width equal to 1a 10 mm and a longitudinal distance equal to 0.5a 5 mm with respect to the input was launched into the main waveguide. Detectors were placed in the drop waveguides to determine the corresponding spectral field profile of the drop channels.
The calculated transmission spectra for the first, second, and third channels are shown in Figs. 2(a)-2(c) , respectively. Drop efficiencies larger than 95% for the first and second channels, and larger than 80% for the third channel, were achieved with the 2D model. The corresponding crosstalks for each channel are −22.0, −13.6, and −17.9 dB, respectively. For both cases, the structural height is set to L z 15.5a 155.0 mm. Figure 2 indicates that the out-of-plane losses occur for all channels in 3D simulations. In this case, drop efficiencies vary between 45% and 55%. Moreover, even though the 3D simulated efficiency is smaller than the 2D, still similar crosstalks such as −16.5, −11.8, and −16.8 dB were predicted for the first, second, and third channels, respectively. A slight shift of the transmission curves also occurs in the frequency axis. This is expected as the 2D analysis ideally assumes infinitely long dielectric rods. Limited heights of the rods considered in 3D provide an effective index of the dielectric material that can be slightly different from that of the 2D case. Moreover, as can be deduced from Eq. (1), the angular frequency ω that maximizes the transmittance through the channels depends not only on the resonance frequency, ω 0 , but also on the decay rate, 1∕τ 2 , and phase retardation, φω. In this regard, one can conclude that the shifting of the resonance frequency may be also attributed to deviations in those terms.
For an experimental demonstration at the microwave region, we used dielectric alumina rods, as in numerical calculations. Figures 3(a) and 3(b) show the schematics and photographic illustration of the experimental setup, respectively. A vector network analyzer, Agilent E5071C ENA, was used to obtain the transmission efficiency data. Horn antenna pairs that are shown in Fig. 3(b) as receiver and transmitter antennas, with an operating frequency range between 12-15 GHz, were employed for transmitting and receiving the input and output signals, respectively. We carefully matched the numerical and experimental excitation conditions by placing the source with a distance equal to 0.5a 5 mm from the entrance of the waveguide in both cases. Moreover, microwave absorbers are placed around the structure to reduce possible back reflections, as can be seen in Fig. 3(b) . A TM-polarized wave was launched into the waveguide; the detected power was normalized by dividing it into the detected power in a waveguide of a constant width, which is equal to the width of the tapered waveguide at the entrance. The obtained experimental transmission efficiency for each channel is superimposed in Figs. 2(a)-2(c) . A good match between the 3D simulated model and experimental realization is observed. The measured crosstalks for each channel are −12.2, −7.3, and −8.5 dB. These values deviate from the 3D numerically calculated crosstalks which are −16.5 dB, −11.8 dB, and −16.8 dB, respectively. The quality factors of the resonant modes are lower than the numerical simulations. The difference is mainly due to material absorption [17] and fabrication imperfections [18] .
Further investigations were made by replacing the receiver horn antenna with a monopole antenna to record the steadystate intensity distribution along the main waveguide. The intensity distribution was obtained with the monopole antenna by measuring the evanescent field intensity at the top of the constructed structure. The monopole antenna was placed perpendicular to the surface rods (x-y plane), and the tip of the antenna was inserted 10 mm into the main waveguide. By moving the monopole antenna with spatial steps equal to 2 mm along the middle of the main waveguide, the crosssectional intensity distribution along the main waveguide was measured. Figure 4 (a) first shows the steady-state intensity distribution obtained from 2D numerical calculations (see the animation of the light coupling behavior to the dropout channels for three different operating wavelengths in Visualization 1). It is seen that the first drop channel effectively selects the input radiation via resonant effect of the cavity. The intensity profile along the dotted line [inset in Fig. 4(a) ] is given in Fig. 4(b) , along with the experimental result of the intensity distribution. The numerical result is obtained from On the other hand, the numerical result obtained from the 2D FDTD calculations is also sub-plotted in Fig. 4(b) , and the longitudinal position of the resonator is marked with a red dashed line to show the phase delay of the incoming wave at the respective resonator position. The difference of the phase delays between 2D and 3D analyses is calculated as 0.18, 0.06, and 0.19π for the first, second, and third channels, respectively; this can be considered as a weak perturbation. Therefore, one can deduce that the transmission efficiency losses in the 3D cases are dominated by the propagation losses, rather than the phase condition mismatches. Hence, out-of-plane losses do not seem to play an important role due to a relatively large height of the structure and short propagation distance. Moreover, as the propagation distance becomes larger, the spatial oscillation of the intensity distribution increases. This observation is valid for both numerical and experimental results as is expected from the decreasing group velocity caused by the gradual waveguide width alteration. Toward the end of the tapered waveguide, the mode approaches cutoff frequency and, thus, becomes highly dispersive. In summary, we have proposed an all-dielectric PC-based wavelength demultiplexer and verified its operational principle both numerically and experimentally. A crosstalk smaller than 12 dB has been experimentally achieved in a three-channel configuration. We should note that the proposed all-dielectric demultiplexer structure is relatively compact and experimentally feasible for fabrication. Furthermore, crosstalks can also be reduced either by implementing higher Q cavities or increasing the distances between the drop channels. 
